Photonic crystals (PC) can fundamentally alter the emission behavior of light sources by suitably modifying the electromagnetic environment around them. Strong modulation of the photonic density of states especially by full threedimensional (3D) bandgap PCs, enables one to completely suppress emission in undesired wavelengths and directions while enhancing desired emission. This property of 3DPC to control spontaneous emission, opens up new regimes of light-matter interaction in particular, energy efficient and high brightness visible lighting. Therefore a 3DPC composed entirely of gallinum nitride (GaN), a key material used in visible light emitting diodes can dramatically impact solid state lighting. The following work demonstrates an all GaN logpile 3DPC with bandgap in the visible fabricated by a template directed epitaxial growth.
INTRODUCTION
Photonic crystals have emerged as powerful platforms for controlling light emission. Phenomenon such as enhanced spontaneous emission [1] [2] [3] [4] , lasing 5, 6 , strong coupling 7, 8 and single photon emission 9 have been demonstrated in photonic crystals (PCs). Photonic crystals are structures consisting of periodic arrays of alternating high and low refractive index materials arranged in one, two or three dimensions. In slab-2DPCs 1, [5] [6] [7] [8] , light control and confinement is achieved by periodicity along a plane and refractive index confinement out-of-plane. A great deal of attention has been focused on slab-2DPCs due to the relative ease of fabrication with the current technologies. The ability to control periodicity in the third dimension as well provides unprecedented opportunities in light emission control including complete suppression (complete photonic bandgap). However, realizing three dimensional photonic crystals (3DPC) has proven to be considerably challenging especially at near-infrared and visible wavelengths due to small periodicity (~ few hundred nanometers) and feature size requirements which makes fabrication difficult. While there are ongoing efforts towards obtaining scalable fabrication of 3DPCs 10, 11 , small-sized devices fabricated based on traditional lithographic approaches provide important opportunity to study their optical properties and evaluate their viability. Here we describe, a three dimensional logpile type photonic crystal that is composed entirely of crystalline gallium nitride (GaN) grown epitaxially from a logpile PC template. GaN along with other III-nitrides is an important material used in light emitting diodes (LED) for solid state lighting. A major challenge facing solid state lighting is the low efficiency of blue-green and yellow LEDs. In principle, 3DPC can be used to enhance the emission rates thereby improving their efficiency.
THEORY
The radiative behavior of a light emitter can be modified by altering the electromagnetic environment surrounding it. For an emitter with a dipole moment 'μ' placed in a homogenous medium of refractive index 'n', the radiative rate is given by Enhancement of radiative rate at a desired frequency range while supression in the undesired can be an important way to improve quantum efficiency of light emitting devices by suppressing non-radiative processes. Compared to free space or a homogenous medium with the monotonic variation of PDOS with frequency, PCs offer a flexible and controllable platform where complete suppression or dramatic enhancement for a desired frequency range is possible. The periodic nature of a PC enables one to describe it in terms of its photonic band structure within the first Brillouin zone. This can be obtained by solving the Maxwell's equations with periodic boundary conditions 12 . For instance, a 3DPC with logpile geometry composed of rods with a refractive index 'n~2.5' similar to that of GaN can exhibit a three dimensional bandgap for a frequency range between, 0.433(a/λ) and 0.462(a/λ) i.e, there are no allowed electromagnetic modes in any direction (figure 1a). Correspondingly, PDOS (figure 1b) is zero at the gap frequency but can be substantially enhanced compared to free space at the edges of the bandgap. Emitters emitting at those frequencies can have an enhanced emission rate. It should be noted that the PDOS only gives an average effective radiative rate enhancement assuming a uniform distribution of emitters within the PC unit cell. However, due to the non-homogenous nature of the PC one has to consider the local PDOS 13, 14 which takes into account the effect of non-uniform field distribution making the proper placement of the emitter important. Utilizing this, one can further enhance radiative rate. 
FABRICATION
The photonic bandstructure (figure 1a) which is plotted in dimensionless units (a/λ) indicates that the wavelength of desired photonic features (e.g., bandgap or bandedge) is proportional to the lattice constant. In order to achieve 3DPC to operate in the visible frequency regime lattice constants in the range of 200-300 nm is desired, prompting the use of techniques based on self-assembly of nanospheres [15] [16] [17] . These approaches however, result in PCs with numerous defects that are difficult to control. A second important factor is the material which needs to possess sufficiently high refractive index while not being absorbing. A lithographic approach based on multilayer electron-beam direct write has been used to demonstrate high quality logpile PCs operating at visible wavelengths 18, 19 made from TiO 2 which is non-absorbing with high refractive index (n~2.5). This approach involves patterning a resist coated on top of a thin film of TiO 2 using electron beam lithography. The pattern is transferred to the TiO 2 film by reactive ion etching. The etched regions are backfilled with SiO 2 followed by a planarization step. After planarization, another film of TiO 2 is deposited and the process is repeated as necessary to achieve the required number of PC layers. By creating a registration mark in the beginning of the process and using the e-beam system's registration scan capabilities, alignment between the features of successive layers can be maintained to an accuracy of less than a few tens of nanometers. Unfortunately, this approach cannot be directly applied to create a GaN 3DPC due to insufficient resist mask thickness needed to compensate for strong dry etch resistance of GaN. Secondly, it is also quite difficult to grow good quality GaN film on top of a heterogeneous film resulting from first layer patterning. This issue is addressed by utilizing an approach wherein GaN can be grown epitaxially through a sacrificial nanostructured template that can be later removed. It has been demonstrated earlier that GaN can be grown epitaxially through a dense lattice composed of silica nanosphere (figure 2) using metal organic chemical vapor deposition (MOCVD). This resulted in crystalline growth with reduced dislocation density 20 , a useful feature for LED material. The fabrication process (figure 3) involves starting with a 2-in. c-plane sapphire wafer where a 2 μm thick GaN epitaxial layer is initially grown which serves as the seeding layer for further growth. A logpile PC composed of Si/ SiO 2 is initially fabricated using multilevel electron beam lithography. The Si rods are selectively removed by immersing the sample in an aqueous KOH solution (20 wt%) at room temperature leaving behind an 'inverse' logpile 3DPC composed of SiO 2 rods. The continuous connected network of air 'voids' left behind provides a path for the organic precursors to the bottom GaN seeding layer. Adjusting the growth condition to an optimum range results in a three dimensional growth mode wherein crystalline GaN grows from the bottom epitaxial layer through the voids of the SiO 2 network to the top 21 . Typical growth conditions involve flowing 100 sccm H 2 gas through a trimethyl gallium (TMGa) bubbler held at -5 o C with NH 3 flow rate maintained at 4 SLM. The growth temperature was held at ~ 1050 o C with pressures ranging from 7 to 30 Torr using both H 2 and N 2 as carrier gases. Using this condition a GaN logpile sample was grown through a nine layer inverse SiO 2 logpile template. Once the GaN reached the topmost layer growth was terminated. The SiO 2 forming the template was removed by immersing the sample in a 6:1 buffered oxide etchant thus leaving behind a GaN/air logpile PC. Figure 4 shows the top view and tilted cross-sectional view of a nine layer GaN logpile PC with a lattice constant a= 260nm. The rigidity of the GaN lopgile structure after the removal of template indicates that different layers are well connected suggesting a bottom up growth 21 from the epitaxial layer which was confirmed with high resolution transmission electron microscopy (HRTEM). The observed misalignment of the 5 th layer rod is due to a failed electron beam scan from a destroyed alignment mark, resulting in an alignment error. Normal incidence reflectance measurements were performed along the stacking direction using a microreflectance setup (figure 5a) that can confine the measurement spot down to ~ 30 μm in size which is sufficiently smaller than the device size of 100 μm square. By introducing an iris at the objective lens, the effective numerical aperture can be further reduced so as confine the range of incidence angle to 0-5 o . Additionally, a polarizer was also introduced into the beam path. When the polarizer was parallel to the top layer rods a broad reflectance response (solid line figure 5b) spanning the entire visible spectrum (400-800nm) wavelength was observed corresponding to the normal incidence bandgap along the stacking direction. The optical response for the case when the polarizer was oriented perpendicular to the top layer rods is shown in (solid line figure 5c). The optical response for both cases compare well with finite difference time domain (FDTD) simulation (dashed line figure 5b,c) with some expected discrepancies. For the parallel polarization case the difference in magnitudes arise from roughness in the top most layers that results in scattering. Such scattering mechanisms are also likely responsible for the experimental data not showing the oscillatory features predicted by the simulated response. 
RESULTS AND DISCUSSIONS

CONCLUSIONS
This work demonstrates the fabrication of a logpile 3DPC composed entirely from crystalline GaN rods using a template selective MOCVD growth. The ability of 3DPCs to control light matter interaction in particular spontaneous emission makes this demonstration an important step towards achieving high efficiency visible LEDs that can strongly impact solid state lighting. For instance, by introducing dopants during the growth process p-n junctions could be formed to create three dimensional LED structures. Such possibility of three dimensional LED structure has been recently demonstrated in GaAs 22 thus opening the possibility of similar structures in GaN. Large area template fabrication techniques such as holography 10 and laser direct write 11 that are being actively pursued also provide encouraging signs towards economic fabrication of such structures in the near future.
